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Abstract
Many neurological disorders stem from defects in or the loss of speci�c neurons. Dysfunction of γ-
aminobutyric acid (GABA)ergic interneurons may cause a variety of neurological and psychiatric
disorders such as epilepsy, autism, Alzheimer's disease and depression. Unlike other types of neurons,
which can be generated relative easily by direct reprogramming, it is di�cult to generate GABAergic
neurons by traditional methods. Neuronal transdifferentiation of �broblasts mediated by nongenomic-
integrate adenovirus has many advantages, but the e�ciency is low, and there is a lack of studies using
human cells as the initial martials. In this study, we explored the feasibility of conversion of human
�broblasts into neurons through adenovirus-mediated gene expression, and found that by introducing
two microRNAs, miR-124 and let-7, can effectively generate GABAergic neuron-like cells from human
neonatal �broblasts without reverting to a progenitor cell stage. Most of these cells expressed neuronal
markers and were all somatostatin (SST) positive cells. Therefore, our study provides a relatively safe
and e�cient method to generate SST interneurons.

Introduction
GABAergic Inhibitory neurons are an important cell type in the cerebral cortex along with excitatory
neurons, accounting for 20% of the total neurons in the brain(1), which directly or indirectly regulate the
activity of excitatory neurons by releasing GABA. Interneurons in the brain show abundant diversity in
morphology, gene expression, circuit connection and neural electrophysiological activity patterns, and the
diversity of interneurons is the basis for the brain to accomplish complex and coordinated activities.
Functional dysfunction of interneurons often breaks the excitation-inhibition balance in the brain neural
network, leading to epilepsy, autism, schizophrenia, Alzheimer's disease or other neuropsychiatric
diseases(2–6), and have been referred to as interneuropathies(7).

Neuron transplantation has tremendous clinical potential for central nervous system therapy as it may
allow for the targeted replacement of those cells that are lost in diseases. As the availability of fetal
grafts cannot satisfy practical and ethical requirements, direct conversion of one easily available cell type
into another provides a promising way to obtain donor cells for transplantation, and brings great hope for
diseases that can be effectively treated by cell-based therapy(8). Skin �broblasts are an easily obtainable
and widely used initial cell in research, it can be directly converted into a variety of other cell types
including neurons under certain conditions(9, 10). So far, researchers have induced mouse and human
�broblasts into many speci�c neuron cell types, such as dopaminergic neurons, motor neurons and
glutamatergic neurons(11–13). Therefore, it might have signi�cant implications for the clinical treatment
of many neurological diseases if late and slowly maturing GABAergic Inhibitory neurons can be produced
through such ways.

Most of the previous neuron conversion studies were based on the integration of exogenous genes into
the genome mediated by lentivirus to achieve gene overexpression(9, 14, 15). This strategy may affect
the genetic stability of donor cells(16). Therefore, in order to explore a neuron conversion method more
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suitable for possible clinical applications, we used an adenovirus based nongenomic-integrate system in
this study. By introducing two microRNAs, miR-124 and let-7, which play a key role in the development
and maturation of the nervous system(17–21), and combined with several small chemical compounds
that have been proved to promote the neuron conversion e�ciency or survival in previous studies(9, 22),
we successfully converted human neonatal �broblasts into neuron-like cells, all of which are inhibitory
SST interneurons.

Materials And Methods

Cell culture and reagents
The mouse neuroepithelial cell line (NE-4C) and human neonatal foreskin �broblast cells (HFF-1) were
obtained from the American Type Culture Collection (ATCC, USA). Cells were grown in Dulbecco’s
Modi�ed Eagle’s Medium (DMEM, GIBCO, USA) containing 10% fetal bovine serum (FBS, GIBCO, USA), 1%
penicillin-streptomycin in 5% CO2 at 37℃. Primary neuronal cultures were prepared from the cortex of
day 17.5 mouse embryos (E17.5). Brie�y, cortical cells were dissociated and digested with trypsin,
resuspended in DMEM-F12 (GIBCO, USA) with 10% FBS and plated at 45.000 cells/cm2 on poly-L-lysine-
coated cell culture plate. After 3 h, the medium was replaced with Neurobasal medium (Thermo Fisher
Scienti�c, USA) containing 2% B27 supplement (Thermo Fisher Scienti�c, USA), and incubated at 37°C in
a humidi�ed incubator with 5% CO2 for 7 days. In addition, in order to induce more pronounced PAX6
expression, the NE-4C cells were treated with 1 µM of retinoic acid (RA) for 2 days.

Adenovirus Production and Infection
Adenoviruses harboring human miR-124-1 and let-7a-1 were purchased from Vigene Biosciences
(Shangdong, China). All infections were carried out according to the manufacturer’s instructions. Twenty-
four hours post infection, the culture medium was changed to neural medium DMEM-F12/Neurobasal
1:1, 2% B27, 0.5% N2 (Thermo Fisher Scienti�c, USA), bFGF2 (10 ng/ml, Peprotech), SB431542 (10 µΜ,
MCE, USA), CHIR99021 (1 µΜ, MCE, USA), db-cAMP (500 µΜ, Sigma, Germany), and VPA (1 mM, Sigma,
Germany) (9, 22) every day for 8–10 successive days. Human BDNF (10 ng/ml, Peprotech) and NT3 (10
ng/ml, Peprotech) were added to the media thereafter for 5–10 days. Half of the medium was changed
every 2 days until the cells were ready for expriments. Under these circumstances, the transduction
e�ciency reached almost 100% (Figure S1A).

Immuno�uorescence.

Cells were �xed with 4% paraformaldehyde in phosphate-buffered saline (PBS) for 20 min at room
temperature and blocked with 5% BSA and 0.3% Triton X-100 in PBS for 30 min. Primary antibodies were
diluted in antibody dilution solution (PBS with 1% BSA) in ratios from 1:100 to 1:500, and secondary
antibodies were diluted 1:500 with 1% BSA in PBS. Cells were incubated in primary antibodies overnight
at 4°C, and secondary antibodies were incubated for 60 min at room temperature.
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The following primary antibodies were used: rabbit anti-Fibronectin (1:100, Proteintech), rabbit anti-
Vimentin (1:100, Proteintech), rabbit anti-Pax6 (1:200, Proteintech), rabbit anti-β3-Tubulin (Cell Signaling,
1:500), rabbit anti-MAP2 (Cell Signaling,1:200), rabbit anti-Synapsin1 (Merck, 1:200), rabbit anti-SST
(GeneTex, 1:200), rabbit anti-PV (Merck, 1:100), rabbit anti-VGLUT1 (abcam, 1: 200), mouse anti-GABA
(Merck, 1:200), rabbit anti-GAD67 (Thermo, 1:200), rabbit anti-TH (Merck, 1:200). The secondary
antibodies were goat anti-rabbit or mouse IgG conjugated with Alexa Fluor 594 (Thermo, 1:500)

RT-quantitative PCR
Total RNA was extracted using the RNAiso Plus (Takara, China) and was reverse transcribed into cDNA
with ReverTra Ace qPCR RT Master Mix with gDNA Remove kit (Toyobo, Japan). Real-time PCR was
performed using a Stratagene Mx3005P real-time polymerase chain-reaction system (Agilent
Technologies, USA) with Power SYBR Green PCR Master Mix (Thermo Fisher Scienti�c, USA). The primers
used are listed in Figure S2. All the results were normalized to GAPDH expression. In addition, the primers
for human miR-124-1 and let-7a-1 were purchased from RiboBio (RiboBio, China) with the small nuclear
RNA U6 as the endogenous control. The miRNA level was measured using the miDETECT A TrackTM
miRNA qRT-PCR Starter Kit (RiboBio, China). Gene expression was analyzed using the 2−ΔΔCt method.

5-ethynyl-2'-deoxyuridine (EdU) staining assay
HFF-1 cells were incubated with cultural medium containing 10 µM EdU (Sangon biotech, China) for 3 h.
Then cells were �xed in 4% polyformaldehyde (PFA) at room temperature for 20 min. Then cells were
incubated with 0.3% Triton X-100 for 15 min. Finally, cells were stained by Tamra red �uorescent solution
according to the operating instruction. Numbers of EdU-positive cells were counted under a Zeiss
microscope (Carl Zeiss, Germany). Ratio of proliferative cells were calculated by the ratio of EdU positive
cells to DAPI positive cells.

RNA-seq

1. RNA extraction

Total mRNA was isolated from �broblasts, �broblasts-induced neurons (15 day) using TRIzol® Reagent
according to the manufacturer’s instructions (Invitrogen). Then RNA quality was determined by 2100
Bioanalyser (Agilent) and quanti�ed using the ND-2000 (NanoDrop Technologies). Only high-quality RNA
sample (OD260/280 = 1.8 ~ 2.2, OD260/230 ≥ 2.0, RIN ≥ 6.5, 28S:18S ≥ 1.0, > 1µg) was used to construct
sequencing library.

2. Library preparation, and Illumina Hiseq xten/Nova seq 6000 Sequencing

RNA-seq transcriptome library was prepared following TruSeqTM RNA sample preparation Kit from
Illumina (San Diego, CA) using 1µg of total RNA. Brie�y, messenger RNA was isolated according to polyA
selection method by oligo(dT) beads and then fragmented by fragmentation buffer �rstly. Secondly,
double-stranded cDNA was synthesized using a SuperScript double-stranded cDNA synthesis kit
(Invitrogen, CA) with random hexamer primers (Illumina). Then the synthesized cDNA was subjected to



Page 5/19

end-repair, phosphorylation and ‘A’ base addition according to Illumina’s library construction protocol.
Libraries were size selected for cDNA target fragments of 300 bp on 2% Low Range Ultra Agarose
followed by PCR ampli�ed using Phusion DNA polymerase (NEB) for 15 PCR cycles. After quanti�ed by
TBS380, paired-end RNA-seq sequencing library was sequenced with the Illumina HiSeq xten/NovaSeq
6000 sequencer (2 ×150bp read length).

3. Read mapping

The raw paired end reads were trimmed and quality controlled by SeqPrep
(https://github.com/jstjohn/SeqPrep) and Sickle (https://github.com/najoshi/sickle) with default
parameters. Then clean reads were separately aligned to reference genome with orientation mode using
HISAT2 (http://ccb.jhu.edu/software/hisat2/index.shtml) software. The mapped reads of each sample
were assembled by StringTie(https://ccb.jhu.edu/software/stringtie/index.shtml? t = example).

4. Differential expression analysis

To identify DEGs (differential expression genes) between two different samples, the expression level of
each transcript was calculated according to the transcripts per million reads (TPM) method. RSEM
(http://deweylab.biostat.wisc.edu/rsem/) [3] was used to quantify gene abundances. Essentially,
differential expression analysis was performed using the DESeq2/DEGseq/EdgeR with Q value ≤ 0.05,
DEGs with |log2FC|>1 and Q value < = 0.05(DESeq2 or EdgeR)/Q value < = 0.001(DEGseq) were considered
to be signi�cantly different expressed genes).

Statistical Analysis
Statistical analysis was evaluated by GraphPad Prism6 software. We used paired two-tailed t test or one
way analysis of variance (ANOVA) with Bonferroni post hoc test. Values were considered statistically
signi�cant at a difference at p < 0.05 (*), p < 0.01 (**), and p < 0.001 (***). Data are presented as the mean 
± S.E.M.

Results
Fibroblasts do not contain neural progenitor cells or neurons 

In order to prove that the cells we used (HFF-1 cell line) were pure �broblasts and did not contaminate
with neural stem cells or neurons, the cells were stained with the �broblast-speci�c markers Fibronectin
and Vimentin, the neural stem cell-speci�c marker PAX6, and the neuron-speci�c markers Tuj1 and MAP2.
The �broblasts were detected to be �bronectin- and Vimentin-positive Figure 1A and PAX6/MAP2/Tuj1-
negative (Figure 1B). The positive control neural stem cell line NE-4C and primary mouse cortical neurons
express PAX6 and Tuj1/MAP2 respectively (Figure 1C and Figure 1D). These indicated that the cells we
used were pure and homogeneous �broblasts.
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Expression of miR-124 and let-7 inhibited the proliferation of �broblasts, promoted the expression of pro-
neural genes. 

To explore the feasibility of using miR-124 and let-7 expression in neuronal conversion, we prepared
adenovirus barbering the miR-124 and let-7 precursors along with an enhanced green �uorescent protein
(EGFP) marker (Figure 2A), and infected human neonatal foreskin �broblasts. The infection e�ciency
was almost 100% (Figure S1A) with the expression level of these two miRNAs sharply increased 24 hours
post infection (Figure S1B, S1C). We examined their early effects on �broblast proliferation and cell type-
speci�c gene expression. By EDU assay we found that the proliferation of HFF-1 cells was signi�cantly
inhibited by introduction of miR-124 and let-7 for 48 hours, with most of the cells exist cell cycle (Figure
2B and Figure 2C).

Next, on days 0, 1, 3, and 5 after adenoviruses infection, we detected the expression of several pro-neural
transcription factors, including myt1L, Brn2, Olig2, NeuroD1 and Ascl1, the �broblast-speci�c transcription
factors, including Zeb1, Thy1, Prrx1, Osr1, and Lhx9. During this period, the expression of pro-neural
transcription factors increased 4 to 170 folds (Figure 2D), while the expression of �broblast-speci�c
transcription factors reduced by 2 to 5 folds (Figure 2E). These results suggest that miR-124 and let-7
expression inhibit the proliferation of �broblasts, promote the expression of pro-neural transcription
factors, and repress the expression of �broblast speci�c genes at the early stage of conversion.

Fibroblasts expressing miR-124 and let-7 displayed neuron-like morphologies and expressed neuronal
markers

To investigate whether miR-124 and let-7 can convert �broblasts into neuron-like cells, human �broblasts
infected with adenoviruses were cultured in neuron induction medium for 15~20 days (Figure 3A), then
immuno�uorescence staining was performed with antibodies against neuronal speci�c markers. The
human �broblasts infected with the two microRNAs showed obvious neuron-like morphology after
differentiation for 15 days, while there were no such changes in the control and miR-124 or let-7 single
infection group (Figure 3B). Most of the converted cells expressed the neuronal marker Tuj1 (88%, Figure
3C and Figure 3D) and MAP2 (82%, Figure 3E and Figure 3F) at day 15 post induction. The synaptic
marker SYN1 could detect about 20 days after differentiation (Figure 3G). These results suggest that miR-
124 and let-7 overexpression can convert human �broblasts into mature neuron-like cells.

The transdifferentiation process did not go through the neural progenitor cell stage

To demonstrate that our neural conversion process is direct transdifferentiation rather than �rst passing
through a neural progenitor stage, we performed immuno�uorescence staining to examine the neural
progenitor marker PAX6 on days 2, 6, 10, and 15 during neuron induction. We did not observe any Pax6
positive neural progenitor cells during the process (Figure 4A and Figure 4B), suggesting that our
transdifferentiation process is direct, bypassing the neural progenitor stage, which will greatly reduce the
potential tumorigenic risk if using our induced cells for cell transplantation in patients.
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Induced neurons were GABAergic. 

To further characterize the cell type of our induced neurons, we used immuno�uorescence experiment to
detect the speci�c markers of the most important and abundant neurons in the brain, that is,
glutamatergic neuron marker VGLUT1, GABAergic neuron marker GABA, and dopaminergic neuron marker
TH. Strikingly, all the converted cells express GABA (Figure 5A) and contained neither VGLUT1 nor TH
positive cells (Figure 5B and Figure 5C). In order to further con�rm the induced cells are inhibitory
interneurons, we stained the induced cells with GAD67, another marker of GABAergic neurons, and found
almost all cells were GAD67 positive (Figure 5D). The control �broblast cells induced in parallel did not
express these neuronal markers (Figure 5E~5H). These data indicate our �broblast-derived neuron-like
cells are GABAergic.

Neuronal induction leads to changes in the overall transcriptional pro�le 

In order to clarify the detailed alteration in the gene expression pro�le of our induced neurons, we
compared the global gene expression pattern of HFF-1 cells and induced neurons using comparative
transcriptome analyses, showing that 4500 genes were upregulated and 3260 genes were downregulated
more than two-fold after induction (Table S1). The global genome heatmap with hierarchical cluster
analysis revealed that the global gene expression pro�le of the induced neurons from three induction
batches at days 15 showed a higher degree of similarity with one another rather than with their
�broblasts of origin (Figure 6A) and as expected, the expression of the previously con�rmed target genes
which inhibit neural differentiation, including PTBP1, ROCK1 and PPP1R13L of miR-124(17, 23, 24),
NRAS, STAT3 and MYC of let-7(25-29), were signi�cantly down-regulated in the induced neurons (Figure
6B). Ontology (GO) function enrichment analysis on genes whose expression changed more than two-
fold after conversion showed the genes involved in the biology process related to central nervous system
development, synapse activities and neuron morphogenesis were signi�cantly up-regulated in induced
cells (Figure 6C), while the expression of genes related to the formation of extracellular matrix
components, cytoskeleton regulation and epidermal cell differentiation was signi�cantly down-regulated
(Figure 6D). These �ndings were consistent with the previous study(12). Of note, the expression of many
representative genes of the neurons, such as NCAM1, MAP2, TUBB3 (Tuj1), MAPT (Tau), SYT1, NEFL,
GAP43 and SNAP25 were dramatically increased. Conversely, genes coding for the �broblast markers
THY1, COL12A1 and TGFB1I1 were signi�cantly repressed (Figure 6E). These results indicate that the
reprogramming process removed the lineage gene expression characteristics of the original cells, while
speci�cally induced neuronal phenotype.

In the cerebral cortex, nearly all GABAergic interneurons arise from two progenitor zones in the ventral
telencephalon, the Medial ganglionic eminence (MGE) and Caudal ganglionic eminence (CGE). MGE
generates about 70% of interneuron progenitors, which give rise to all PV and SST interneurons. Caudal
ganglionic eminence generates about 30% interneuron progenitors, which give rise to VIP and RELN
interneurons(30). Notably, the transcriptome results revealed a robust increase in the detection of SST
gene, the marker of the SST interneurons: its expression level increased more than 100-fold with
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the transcripts per million reads (TPM) approaching �ve hundred after conversion; The expression of PV
gene, the marker of PV interneurons and VIP gene, the marker of VIP interneurons were also increased, but
the TPM were relatively low for PV and negligible for VIP. No signi�cant changes in RELN gene, the
marker of the RELN interneuron were detected (Figure 6F). 

In order to further determine the cell subtypes of the induced neurons, we performed immuno�uorescence
staining on the converted cells with antibodies against PV and SST. Nearly all the cells were SST positive
while the PV signal was undetectable (Figure 6G). This further clari�es the converted cells we generated
are relatively pure SST interneurons. Since many neuropsychiatric disorders, such as temporal lobe
epilepsy, depression, Alzheimer's disease and schizophrenia, are closely associated with the loss or
dysfunction of SST interneurons, which suggests that our induction strategy, if further improved, may
have great therapeutic potential for clinical application. 

Discussion
In this study, we report a method to e�ciently produce human GABAergic neuron-like cells by
overexpression of two miRNAs. Taking human �broblasts as starting cells, we provide evidence that miR-
124 and let-7, two miRNAs highly expressed in the nervous system and important for neural development
and normal physiological function, can convert human �broblasts into GABAergic neuron-like cells with
high e�ciency in a relatively short period of time. Almost all the converted cells are SST neurons, a
functionally and therapeutically important subtype of interneuron in the brain (Figure 7). 

Unlike interneurons derived from CGE, mainly target other interneurons and disinhibit neural circuits,
which might cause hyperexcitability, and therefore are not ideal for transplantation(31), MGE derived SST
neurons directly inhibit pyramidal neurons and play important roles in learning and memory(32-34). Lots
of researches have shown that the dysfunction or loss of SST neurons can lead to many neuropsychiatric
disorders, including depression, temporal lobe epilepsy, schizophrenia, intellectual disability, and
Alzheimer's disease(5, 35-38). Stem cell-derived SST neurons have been used to alleviate disease
symptoms in a mouse model of schizophrenia(39). Therefore, our study will bring great hope for the
treatment of these diseases through cell transplantation.

Another interesting question is why the cells generated by our strategy are all GABAergic interneurons?
Previous studies have found overexpression of Ascl1 combined with forskolin can induce
transdifferentiation of mouse �broblasts into PV-positive interneurons(40). At the early stage of
conversion, we detected a moderate induction of Ascl1 (Figure 2D), and we added db-cAMP, which act on
the same signaling pathway as forskolin, which may partially explain why the converted neurons are
GABAergic. Further researches are needed to clarify the reasons why our method produce only the SST
interneurons.

The great promise of transdifferentiation in regenerative medicine has prompted the use of safe methods
to induce transformed cells, such as neurons, and the requirement that these methods neither promote
tumor formation nor cause other harmful effects to the recipients(41). Although the integration of
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exogenous genes into the genome mediated by lentiviral tools has the advantage of stable and
continuous expression of genes in the infected and their daughter cells, it can also lead to the inactivation
of tumor suppressor genes, the activation of oncogenes, or the alteration of other important regulatory
genes due to insertional mutations, which may lead to cancer(42). In this study, neuron-like cells are
produced by adenovirus-mediated gene expression in �broblasts. Adenovirus rarely integrated into the
host genome(43), thus minimizing the possibility of interfering with the gene expression pro�le of
transformed cells and avoiding tumor formation. Therefore, the neuronal induction strategy we developed
minimizes the possible safety uncertainties and is particularly promising for generating clinical-grade
human neurons for therapeutic purposes.

As an important initial cell source of cell-based therapy, skin �broblasts are more readily available than
astrocytes and �broblasts from other organs, and have better patient tolerance(44, 45). Therefore, skin
�broblasts are better initiating cells for neuronal reprogramming. In order to be more widely used in the
treatment of central nervous system diseases, it is necessary to improve the programming
e�ciency. Previous studies have shown that the e�ciency of adenovirus-mediated neuronal
reprograming is low or require viral infection for multiple times (40, 46). The reason may be due to that as
the cells proliferate, the exogenous genes are continuously reduced by dilution and degradation, thus
greatly reducing their reprograming e�cacy. However, our method achieved a high conversion rate with
only one-time infection. This may be due to the following reasons: First, the miRNAs we used have strong
ability to inhibit cell proliferation, that is, after 48 hours of infection with miR-124 and let-7, almost all the
�broblasts exited mitosis (Figure 2A and Figure 2C), this is consistent with previous studies(47-49);
Second, the characteristic of �broblasts from different species or different parts of the body within the
same species may be different, and the foreskin �broblasts we used may have a lower proliferation rate
than the �broblasts used by other researchers, or these cells may be more sensitive to the proliferation
inhibitory effect of the miRNAs we used; Finally, the combination of miRNAs we used may have greater
potency to trigger neuronal differentiation and maturation on �broblasts than the reprograming strategies
used by other researchers, which needs to be clari�ed in the future.

Although the iPSC technology is relatively easier to manipulate and offers more possibilities for the
generation of renewable pluripotent cells, it still has signi�cant drawbacks, such as long induction time,
tumorigenesis, and uncertainty of differentiation(50). Therefore, �nding a faster, safer, and more effective
strategy to produce terminally differentiated mature cells is of great signi�cance for potential clinical
applications, especially for the cellular therapy of nervous system diseases. Previous studies have shown
that human �broblasts or astrocytes can be rapidly reprogramed into neuron-like cells by using only a
combination of small molecular chemical compounds(51, 52). These results are very exciting as such
methods completely avoid the side effects of exogenous genes introduction. However, the induced cells
generated by these studies are either a mixed group of excitatory and inhibitory neurons, or all induced
cells are excitatory neurons with subtype unidenti�ed. Importantly, when used in cell therapy, the
contaminating neuronal types/subtypes may cause severe side effects after grafting(53), therefore, their
value is greatly reduced for the clinical treatment of central nervous system diseases. Instead, almost all
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our converted cells are SST positive interneurons, so they may be more suitable for clinical application in
the treatment of certain neurological diseases.

Although our transdifferentiation method have signi�cant advantages, there are still many aspects that
need to be improved, especially, we have not detected functional electrophysiological activities in our
converted cells, which indicates that the neuron-like cells we generated are still different from the real
neurons in some key aspects. Therefore, it will be an important topic for us to optimize the reprograming
procedure to get more fully functional and mature neurons in the future. If this can be achieved, we will
further explore the feasibility of using our induced neurons to alleviate disease symptoms through cell
transplantation in various animal models of neuropsychiatric diseases to test the potential of interneuron
transplantation as a therapy for interneuropathies or other conditions associated with neural circuit
hyperexcitability.
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Figure 1

Cell homogenous con�rmation. A, the starting culture of �broblasts stained with Vimentin and
Fibronectin. We observed a homogenous population of �broblasts characterized by the expression of
both Fibronection and Vimentin. B, the starting cell was stained with 3 different markers for neuronal
lineage: PAX6, Tuj1 and MAP2. These markers were absent in the starting �broblasts. C, the positive
control for PAX6 staining (RA induced mouse neural stem cell line). D, the positive control for Tuj1 and
MAP2 staining (mouse cortical neurons). Scale bar, 100 μm.
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Figure 2

miR-124 and let-7 repress HFF-1 proliferation, stimulate pro-neural genes expression. A, schematic
diagram of miRNA overexpression unit in the adenoviruses vector. B, EdU-positive cells are shown in red.
C. The graph represents quanti�cation of EdU-positive cells (pulse for three hours). Scale bar, 100 μm.
Real-time �uorescence quanti�cation PCR showed that pro-neural genes were up-regulated (D) and
�broblasts speci�c genes were down-regulated (E) at the early stage of transdifferentiation.

Figure 3

miR-124 and let-7 e�ciently convert �broblasts into neuron-like cells. A, diagram depicting the procedures
for conversion of HFF-1 cells to neuron-like cells by adenoviruses harboring miR-124 and let-7 precursors.
B, representative morphological images of induced cells in response to miRNAs overexpression at
different time points during neuronal induction. GFP signal indicates successful adenovirus infection. C,
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Tuj1 expression in miR-124 and let-7 converted cells. Scale bar, 100 μm. D, Quanti�cation of Tuj1-positive
cells with processes at least two times the length of the cell body from random �elds. E, MAP2 expression
in miR-124 and let-7 converted neuron cells. Scale bar, 100 μm. F, Quanti�cation of MAP2-positive cells
with processes at least two times the length of the cell body from random �elds. G, SYN1 expression in
miR-124 and let-7 converted cells. Scale bar, 50 μm.

Figure 4
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Immunostaining for neural progenitor marker during the time course of conversion. A, pictures showing
human �broblasts expressing miR‐124 and let-7 stained for PAX6. Here we show the cells sampled on
Day 2, 6, 10, and 15. We did not observe any Pax6 expression during the conversion. B, the positive
control for Pax6 staining (RA induced mouse neural stem cell line). Scale bar, 100 μm.

Figure 5

Induced neuron cells expressing GABA. Almost all miR-124 and let-7 induced neurons were positive for
GABA (A) and negative for VGLUT1 (B) and TH (C). GABA, VGLUT1 and TH staining were performed at
days 15 post induction. (D), Almost all miR-124 and let-7 induced neurons were positive for GAD67. E~H,
Fibroblast cells did not express the neuronal markers. Scale bar, 100 μm.

Figure 6

Whole-genome gene expression pro�le of induced neurons. A, Heatmap and hierarchical clustering
analysis of global gene expression patterns of HFF-1 cells (C1~3) and 15 days induced neuron cells
(IN1~3). Red represents up-regulated genes and blue represents down-regulated genes. B, In the INs, the
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previously con�rmed target genes of miR-124 and let-7 are down-regulated. GO enrichment results of top
20 biological processes corresponding to up-regulated (C) or down-regulated genes (D) are displayed on
the premise of Padjust < 0.05. E, the gene expression volcano plot shows several neuronal markers are
signi�cantly up-regulated, and �broblast markers are signi�cantly down-regulated. F, transcripts per
million reads (TPM) of four main interneuron markers before and after induction. G, SST and PV
expression in miR-124 and let-7 converted cells. Scale bar, 100 μm.

Figure 7

A schematic is shown of neuron conversion mediated by the miRNAs overexpression.
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